Alkali-activated materials (AAMs) are one of the alternative low-CO 2 binders. One-part AAMs, (that is, mixing a solid precursor with a solid alkali activator and adding water) have recently attracted increasing interest. The purpose of this study is to examine if fast-dissolving solid synthetic sodium metasilicate could be replaced by a combination of sodium hydroxide and slow-dissolving silica derived from rice husk ash or microsilica in the preparation of one-part alkali-activated blast furnace slag mortar. The replacement would improve the carbon footprint and the cost efficiency of the binder. The results demonstrate that silica availability significantly affects compressive strength development as a function of time or mixture composition. The highest compressive strength (107 MPa, 28 d) was obtained with fast-dissolving silica. Furthermore, setting times could be adjusted based on the mix composition, and the durability of mortar remained good after 120 freezeethaw cycles. The results highlight the overall effect of silica availability on the fresh and hardened properties of one-part AAMs.
Introduction
Alkali-activated materials (AAMs) (and geopolymers as their sub-group (Provis, 2014) ) are recognized as one of the alternative low-CO 2 binders (Scrivener et al., 2016) and as a way to beneficiate several kinds of industrial wastes into higher-value products (Mehta and Siddique, 2016) . Ground granulated blast-furnace slag (GGBFS), an amorphous by-product of pig iron production, is one of the most widely studied precursors in alkali activation. It mainly consists of a CaOeMgOeAl 2 O 3 eSiO 2 system (Li et al., 2010) and forms calcium-aluminum-silicate-hydrate (C-A-S-H in cement chemist notation) gel as the result of alkali activation (Bernal et al., 2014a) . The first patent regarding the alkali activation of GGBFS was published as early as 1895 (Whiting, 1895) and these binders have been studied extensively since then and also used in construction (Palomo et al., 2014) . The historical development of AAMs is discussed, for example, in a recent review by Krivenko (2017) .
However, one major practical shortcoming of alkali-activation technology is the use of alkali-activator solutions (frequently concentrated sodium silicate and/or hydroxide), which are corrosive, viscous, and cause occupational hazards. Consequently, there has recently been a pronounced interest in one-part (or "just add water") AAMs, as documented in a review by Luukkonen et al. (2018) . In one-part alkali-activation, precursors are mixed with solid alkali activator and water is added to initiate the reaction. Pioneering work with one-part alkali-activated GGBFS was carried out in Australia in the late 1990s and early 2000s as summarized by Collins and Sanjayan (2002) and the references therein. Later studies with one-part alkali-activated GGBFS have further developed the mechanical properties and focused on, for instance, using fibers (Luukkonen et al., 2018) . Synthetic alkali silicates have been deemed to be the most suitable solid (or liquid) activators for GGBFS in the aforementioned studies. However, of the raw materials, alkali silicates are the most expensive and have the highest environmental impact (Heath et al., 2014) . Consequently, efforts are underway to find alternative alkali activators and/or reactive silica sources. Regarding conventional AAMs, sodium hydroxide solution and rice husk ash (RHA) (Kamseu et al., 2017; Passuello et al., 2017) , mold cleaning solution waste from the aluminum industry (Fern andez-Jim enez et al., 2017) , and waste glass dissolved in NaOH/Na 2 CO 3 solution (Puertas and Torres-Carrasco, 2014; TorresCarrasco and Puertas, 2015a; Torres-Carrasco et al., 2015b , 2015c have been studied. Regarding one-part AAMs, the use of red mud (Choo et al., 2016) , maize cob ash (Peys et al., 2016 (Peys et al., , 2017 , RHA (Hajimohammadi et al., 2016a; Sturm et al., 2016a) , silica fume (Kovtun et al., 2015) , silica residue from chlorosilane production (Sturm et al., 2016b) , and geothermal silica (Hajimohammadi et al., 2008) as activators or additional reactive silica sources has been attempted. However, the effect of the silica dissolution rate on the fresh and hardened properties of the resulting binder has not been systematically studied.
In the present paper, three different solid silica and alkali sources are compared: 1) synthetic anhydrous sodium metasilicate, 2) microsilica (MS) and sodium hydroxide, and 3) RHA and sodium hydroxide. MS and RHA are commercially available industrial side products already used by the concrete industry. RHA is a highreactive-silica-content residue from the combustion of rice husk (estimated total global output 80 Mt/a) (Chandrasekhar et al., 2003; Della et al., 2002; Armesto et al., 2002) . MS, on the other hand, is a by-product from silicon and ferrosilicon alloy production with an equally high reactive silica amount (Khan and Siddique, 2011) . Sodium hydroxide is required with these silica sources to provide sufficient alkalinity and sodium ions. The aluminosilicate precursor was GGBFS in all cases. The aim is to study the effect of the silica dissolution rate on the fresh and hardened properties of mortars. As an outcome, the unit cost and environmental footprint of one-part alkali-activated GGBFS would be reduced if the use of MS or RHA with sodium hydroxide was possible instead of sodium silicate. respectively, as determined with a Beckman Coulter LS 13320 laser diffraction particle size analyzer. The chemical compositions of raw materials were determined with X-ray fluorescence (XRF) spectroscopy (see section 2.3 for details) and are shown in Table 1 . According to the X-ray diffraction (XRD) analysis (see section 2.3 for details), GGBFS and MS were completely amorphous, whereas RHA contained cristobalite (SiO 2 ) and sodium phosphorus silicon oxide (Na 2 Si 2 PO 8 ) in addition to amorphous material. Synthetic activator chemicals were reagent grade sodium hydroxide powder (! 97% purity; Honeywell) and technical grade anhydrous sodium metasilicate (molar ratio of SiO 2 /Na 2 O ¼ 0.9; Alfa Aesar). Anhydrous sodium metasilicate was obtained as 1 mm granules and was milled before use for 10 min similarly as other materials. The aggregate used throughout the experiments was CEN standard sand (EN 196e1:2016 (EN 196e1: , 2016 with particle size distribution between 0.08 and 2 mm.
Materials and methods

Materials
GGBFS (obtained from
Preparation of alkali-activated mortars
Three series of mortars were prepared ( Table 2 ). The first series was constructed by increasing the amount of sodium silicate (SS), and in the subsequent two series, synthetic sodium silicate was replaced by sodium hydroxide and alternative silica source, that is, RHA or MS. The compositions were selected based on earlier literature (Yang et al., 2008) The preparation of specimens took place as follows: raw materials and solid activators were mixed for 3 min, tap water was added, and mixing was continued for a further 3 min. The prepared mortars were cast in prismatic molds with dimensions of 40 Â 40 Â 160 mm. Specimens in the molds were compacted using a jolting table (2 Â 60 shocks, 1 shock/s) and were then wrapped in plastic for approximately 24 h, demolded, and allowed to cure at 23 C and 60% relative humidity until testing. Each specimen was prepared in triplicate. For X-ray diffraction analysis, specimens were prepared without aggregate.
Chemical characterization
The chemical compositions were determined with a 4 kV wavelength dispersive XRF spectrometer (PANalytical AxiosmAX). XRF analyses were performed from fused samples: 1.5 g of sample was melted at 1150 C with 7.5 g of X-ray Flux Type 66:34 (66% Li 2 B 4 O 7 and 34% LiBO 2 ) to obtain melt-fused tablets. Moisture-% and loss-on-ignition (at 525 C and 950 C, respectively) were determined using a thermo-gravimeter (PrepAsh, Precisa).
Identification and quantification of crystalline phases was performed with XRD using a Rigaku Smartlab diffractometer (9 kW Cu X-ray source) in the range of 5e120 2q using 6 2q/min scan speed. XRD analyses were performed from samples prepared without the addition of aggregates (to exclude quartz signal) at the age of 28 d. Before analysis, samples were pulverized using a Retsch RS200 mill. Quantification of crystalline phases was performed using the Rietveld refinement method.
A field emission scanning electron microscope equipped with an energy dispersive spectrometer (SEM-EDS, Zeiss Ultra Plus) was used to take micrographs of raw materials and hardened specimen intersections and to provide semi-quantitative information about the chemical composition. Analyses were conducted using a backscatter electron detector with 15 kV acceleration voltage and approximately 8.5 mm working distance. The samples were prepared by casting specimens in epoxy resin (Buehler). They were then polished with Struers MD Piano 500, 1200, and 2000 grinding discs to reveal cross-sections. The samples were coated with carbon prior to measurement.
The evolution of heat during curing to assess ongoing chemical processes was determined with a semi-adiabatic calorimeter (F-Cal 8000, Calmetrix). Approximately 280 g of mortars SS1, RHA1, and MS1 (see Table 1 ) were prepared and placed inside plastic bags in the calorimeter. The solubility experiments were performed by placing 2 g of silica source (sodium metasilicate, RHA, or MS) in 1.0 L of 0.1, 1, or 10 M NaOH solution and mixing up to 4 h with a magnetic stirrer taking triplicate samples periodically. The samples were centrifuged, and silicon concentration was determined with an optical emission spectrometer (Thermo Electron IRIS Intrepid II XDL Duo). Each silica source was tested as received and after milling (10 min with a Retsch RM 200).
Fresh and hardened properties of mortars
Initial and final setting times of mortars were determined with a Vicat apparatus (Vicatronic Matest) according to the standard EN 196e3:2016 standard EN 196e3: (2016 . Compressive and flexural strengths were determined using a Zwick/Roell Z100 testing machine (with a load cell of 100 kN) or a Toni Technik 3000 kN testing machine (when over 100 kN force was required). Initially, the prismatic beams were assessed under the flexural loading, and the broken half-specimens were used to evaluate the compressive strength. Loading rates were 50 N/s and 2.4 kN/s during the flexural and compressive strength tests, respectively, according to the standard EN 196e1:2016 (2016).
Durability properties of mortars
Freezeethaw resistance was tested according to the standard ASTM C666/C666M-15 (2015). Three prismatic beams (40 Â 40 Â 160 mm) were prepared according to the compositions SS1, MS1, and RHA 1 (see Table 1 ). Specimens were measured for length, weight, and time for an ultrasonic pulse to pass through the beam (with Matest ultrasonic concrete tester C369N) and placed in a climate chamber half exposed to water and half exposed to air. The freezeethaw cycles were from þ20 to À15 C with one cycle lasting 6 h. Samples were taken from the chamber after 60 and 120 cycles, allowed to dry (at 23 C and 60% relative humidity) for 1 d, and measured again for length, weight, and ultrasonic pulse span time. The relative dynamic modulus of elasticity (P c ) was calculated as the ratio of fundamental transverse frequency after c cycles (n l ) and at 0 cycles (n):
3. Results and discussion
Silicon solubility from silica sources
The most striking feature regarding the Si solubility ( Fig. 1 ) is the insignificant difference between MS and RHA as received (d 50 ¼ 172e199 mm) and after milling (d 50 ¼ 23e30 mm). The silica solubility is an important feature affecting, for instance, the rate of conversion of the solid aluminosilicate source into the (C,N)-A-S-H gel (Lee and Van Deventer, 2002; Rees et al., 2007) . The apparent lack of improvement in solubility from milling might be explained by the microstructure of silica sources (Fig. 2) . RHA particles are highly porous, which indicates good solubility. MS, however, is not explicitly porous but according to the manufacturer's information is "loosely granulated" and therefore likely to be easily soluble. Another explanation for the lack of improvement after milling could be reaggregation of particles as suggested by Hajimohammadi and van Deventer (2016b) who studied the dissolution of RHA (d 50 ¼ 8 mm) and other (alumino)silicate sources in 0.05e0.3 M NaOH solutions (liquid/solid ¼ 200:1). The second important feature that can be seen from Fig. 1 is that solubility is markedly increased when the NaOH concentration increases from 1 M to 10 M, whereas the difference between 0.1 and 1 M NaOH is small. Finally, MS is clearly faster dissolving compared to RHA; up to approximately 35% and 10% of Si was dissolved from MS and RHA after 240 min, respectively. The synthetic sodium silicate employed in this study dissolves almost completely within the first minutes in deionized water. Hajimohammadi et al. (2011) observed that a slow-releasing silica source (solid geothermal silica) led to the formation of a high silica content crystalline phase, analcime (NaAlSi 2 O 6 $H 2 O); nucleation took place near the unreacted silica particles; and the structure was more heterogeneous compared to the quick-releasing silica source (sodium silicate solution). In the present study, however, no difference in crystalline phases or heterogeneity was observed between mixes. Finally, it should be noted that the water to binder weight ratio is much lower in the mortar formulations (0.35) compared to the water to solid weight ratio in the solubility experiments (500); therefore, much lower solubility (than indicated in Fig. 1 ) in binder preparation could be expected. However, the solubility experiments were used to assess the relative solubility of silica sources. The calculated sodium hydroxide molarity in the mortar mixtures (Table 1) is in the range of 1.8e4.6 M.
3.2. Fresh and hardened properties of mortars prepared with different silica sources 3.2.1. Setting time Initial and final setting times (Fig. 3) were found to be readily adjustable according to the mix design (e.g., Na 2 O/SiO 2 ratio or the activator amount). The trend with setting times is MS þ NaOH > RHA þ NaOH > sodium silicate, and the differences between series are more marked with initial than final setting times. In practice, the mortars were no longer castable after the initial setting was exceeded. One-part AAMs have frequently been reported to set too rapidly due to the heat generation from the dissolution of solid activators, such as sodium hydroxide (Suwan and Fan, 2017 ). Our results demonstrate that this issue could be at least partially resolved by adjusting the amount of activator (i.e. alkali to silica ratio), as shown in Fig. 3 . while keeping in mind that such adjustment also affects the extent of reaction and subsequent compressive strength (see section 3.3). The required initial setting time for normal concrete has been specified as more than 45e75 min depending on the strength class (EN 197e1:2000 (EN 197e1: , 2000 . This requirement can be largely met with the reported mixtures, as the initial setting times were 19e72 min. As a final note, the results agree with previous reported initial and final setting times for one-part AAMs, which have varied between 23e150 and 69e230 min, respectively (Abdel-Gawwad and Abo-ElEnein, 2016; Hajimohammadi et al., 2017; Matalkah et al., 2017; Wang et al., 2017) .
Mechanical properties
The compressive strength (Fig. 4A ) of the sodium silicate series increases linearly when the calculated Na 2 O/SiO 2 was over 0.09 and the highest obtained value was 107 MPa (at 28 d). This is, in fact, the first time one-part AAMs have been documented to exceed 100 MPa compressive strength, with earlier reported strengths being up to 80 MPa at 28 d (an analysis of the existing literature was performed in earlier work (Luukkonen et al., 2018) ). In terms of strength evolution as a function of time (Fig. 4B) , the majority of strength development already occurred within 1 d. When curing was continued up to 90 d, there was a slight decrease in the compressive strength of mortar activated with sodium silicate while mortars activated with slower releasing silicate sources continued to gain strength. This is in agreement with earlier results by Sanjayan (1999, 2001 ) who also observed retrogression of one-part alkali-activated GGBFS compressive strength when cured at 50% RH and 23 C (whereas sealed or bath-cured specimen continued to gain strength). The decrease of strength was explained as a result of microcracking. Nevertheless, even after the slight decrease, the compressive strength of sodium silica activated mortar remains high (98 MPa). MS or RHA with NaOH resulted in considerably lower and almost constant compressive strength regardless of the mixture composition in the studied range. The compressive strength of the MS series was slightly higher than with RHA with the same composition, which was likely due to the lower silica availability of RHA (see Fig. 1 ) and approximately 6 weight-%-units higher silica content (see Table 1 ). Although the compressive strengths of slower-releasing silica sources were considerably lower in comparison with sodium silicate, they are still sufficient for certain structural uses as specified, for instance, in the standard ACI 318-11 (2011) . Interestingly, the higher strength indicated faster setting time (Fig. 3) in the sodium silicate series (SS1eSS7), whereas in the MS (MS1eMS7) and RHA (RHA1eRHA7) series there was no such correlation. The results indicate that the faster silica availability is indeed one of the key features for high strength development. The flexural strength of mixes exhibited a similar trend as compressive strength, but the differences between series were not as marked (see supplementary materials).
Semi-adiabatic calorimetry
Two peaks were observed in the semi-adiabatic calorimetry measurements (Fig. 5) ; the first appeared approximately 60 min after the addition of water for all studied mixtures, and the second after approximately 200e230 min in the case of the MS1 and RHA1 mixtures and after approximately 330 min for SS1. However, the first peak is a barely visible shoulder of the second peak in the case of the MS1 and RHA1 mixtures. Heat evolution from MS1 and RHA1 is faster than from SS1. However, the temperature increase is quite similar in all mixes (10e11 C), which is surprising because the heat of solution for anhydrous sodium metasilicate and sodium hydroxide is different at À31.17 and À44.51 kJ/mol, respectively (Hazardous Substances Data Bank, 2003; Lide, 2003) . The heat of solution for sodium metasilicate has been reported to vary depending on the concentration of other species in the solution (lower heat release when dissolving into a concentrated solution of NaOH, for instance) (Provis and Van Deventer, 2009) Initial and final setting times of one-part alkali-activated blast furnace slag mortars using different sodium and silica sources. The fastest setting occurs with the sodium silicate series, while microsilica with NaOH has the slowest setting. 2010), the results depicted in Fig. 5 indicate faster reaction than with conventional two-part AAMs. In addition, the temperature increase is higher than that reported elsewhere, for instance by Puligilla and Mondal (2013) . The first peak in Fig. 5 is a result of dissolution of raw materials and the second corresponds to the polymerization and condensation (both exothermic reactions) of C-A-S-H gel (Alonso and Palomo, 2001; Kumar et al., 2010; Puligilla and Mondal, 2013; Sun and Vollpracht, 2018) . Frequently, the first peak is followed by a dormant (or induction) period during which the concentration of soluble alumina and silica species increases up to a certain threshold value (Sun and Vollpracht, 2018) . However, in the present study, the dormant period was visible only in the case of sodium silicate-activated GGBFS. In fact, the lack of a dormant period indicates a rapid precipitate formation on the surface of precursor grains, which hinders subsequent reactions and a high strength development (Sun and Vollpracht, 2018) . These earlier findings support the observed results in this study: MS1 and RHA1 (no dormant period) had clearly lower strength compared to SS1 (observable dormant period). When comparing calorimetry results to the setting times, the initial setting time of MS1 and RHA1 is reached approximately at the same time as the first peak occurred in Fig. 5 . However, the SS1 mixture has the initial setting time of 19 min, which could be too short to be observable with the semiadiabatic calorimeter used.
Microstructure
The microstructure of binders was examined to gain further insight regarding the differences resulting from the use of alkali activators and silica sources. The micrographs of specimen (only SS1, MS1, and RHA1 were studied) intersections are shown in Fig. 6 . There are three distinguishable phases seen in the micrographs: aggregate particles (smooth grey areas), unreacted GGBFS particles (light grey areas), and C-A-S-H gel between the particles (textured grey area). There are more microcracks present in the SS1 binder, which might be an indication water escaping during curing; a longer curing at higher relative humidity might decrease the tendency for microcracks to appear (Collins and Sanjayan, 2001) . The presence of a large amount of GGBFS particles is an indication of incomplete dissolution. Consequently, the undissolved GGBFS particles act as microfillers in the studied system.
The semi-quantitative X-ray microanalyses (Table 3) indicate that the dissolution of GGBFS, MS, and RHA were incomplete, which was also supported by the dissolution experiments (Fig. 1 ) and the mortar micrographs (Fig. 6 ). Regarding the SiO 2 /Al 2 O 3 molar ratio, the SS1 mortar has the highest value, indicating higher incorporation of silica from the readily dissolving sodium silicate. However, the values are only 27e38% of the calculated value (assuming complete dissolution). As the source of aluminum was the same in all cases (i.e., GGBFS), the difference might be explained by the silica source. The Na 2 O/SiO 2 , however, was 3e4 times higher than the calculated value, indicating a lower silica incorporation than could be assumed from calculated value: again, this could be a result of incomplete reaction of GGBFS. Interestingly though, SS1 (high silica availability from Na 2 SiO 3 ) had a similar Na 2 O/SiO 2 ratio as MS1 and RHA1 (low silica availability from MS and RHA). This could be a reason of approximately 0.5 units higher pH with MS1 and RHA1 in comparison to SS1 (pH z 11.5), which increases SiO 2 solubility from GGBFS. In terms of Na 2 O/Al 2 O 3 , the MS and RHA specimens have approximately the calculated composition. However, the sodium silicate specimen (SS1) clearly has a higher Na 2 O/ Table 1 for mixture compositions) and B) a function of time for SS1, MS1, and RHA1 mixtures. The error bars represent ±1 standard error (based on six measurements). Al 2 O 3 ratio, which indicates lower availability of alumina. Again, the slightly higher pH of MS1 and RHA1 could have enhanced Al 2 O 3 solubility from GGBFS. Finally, the CaO/SiO 2 ratio is quite close to the calculated value.
The presence of crystalline phases was determined by means of XRD for selected hardened pastes (i.e., prepared without aggregate). As can be seen from Fig. 7 , the formation of hydrotalcite (Mg 6 Al 2 CO 3 (OH) 16 $4(H 2 O)) took place in all pastes, which has been suggested to occur particularly when GGBFS has MgO content over 5 weight-%. The presence of hydrotalcite causes a greater reaction extent, lower aluminum incorporation in the formed gel, and better resistance against carbonation (Bernal et al., 2014b) . The broad peak at approximately 25e35 2q was assigned as calcium carbonate (CaCO 3 ), but also poorly crystalline CeSeH gel phases result signal in this region (Taylor, 1990) . In RHA-containing pastes, there was also a separate crystalline CeSeH-type phase at approximately 7 2q. The CaO/SiO 2 ratio reported in Table 3 indicates that it could be the CeSeH (I) phase (CaO/SiO 2 in the range 0.8e1.5) (Taylor, 1990) . Cristobalite (SiO 2 ) originates from RHA. The intensity of peaks is clearly lower in the sodium silicate series, and therefore the material is more amorphous than in the MS or RHA series. This could be explained by the faster setting of the sodium silicate series.
Durability against freezeethaw cycles
The durability of selected hardened mortars was evaluated by exposing them to rapid freezeethaw cycles (Table 4) . Ultrasonic pulse velocity (UPV) is an indirect indication of strength, the occurrence of cracks or voids, and the uniformity of concrete or mortar. UPV values of 3.5e4.5 km/s are considered "good" for normal concrete (IS: 13311 (Part-1), 1992) and all hardened mortars fall within this range, even after 120 freezeethaw cycles. In fact, there is a slight increase in UPV with all samples, indicating continuing strength development and hardening (Shariq et al., 2013) , even when exposed to rapid freezing and thawing. The relative dynamic modulus of < 60% compared to the initial value indicates a failed specimen (ASTM C666/C666M-15, 2015); therefore, it can be concluded that all samples clearly passed 120 freezeethaw cycles without failure. However, the RHA1 and MS1 mixtures suffered some visible disintegration (see supplementary material) on the surface and consequently some weight loss. With SS1, there was some weight loss after 120 cycles but no clear visible damage. Nevertheless, UPV was not affected by disintegration or weight loss. 
Table 3
Comparison of experimental and calculated molar ratios of selected binder mixtures (see Table 1 
Conclusions
This study aimed to replace solid synthetic sodium metasilicate with a combination of RHA or MS and sodium hydroxide in the preparation of one-part alkali-activated blast-furnace slag mortar. The motivation for the replacement is the high cost and environmental impact of synthetic sodium silicate, which could be decreased by using industrial side-products.
The results show that RHA and MS exhibited much lower silicon solubility compared to synthetic sodium metasilicate when exposed to 0e10 M NaOH solutions. The particle size of RHA and MS had a negligible effect on solubility in the range of approximately 20e200 mm. The low silica availability of RHA and MS was confirmed by X-ray microanalysis, but the lower-than-expected solubility of blast furnace slag was also evident.
The silica source has a significant effect on the fresh and hardened properties of one-part alkali-activated slag mortar. Setting time can be readily adjusted by the silica source and activator amount. The shortest setting times were observed for the sodium metasilicate series, followed by the RHA þ NaOH and MS þ NaOH series. The initial and final setting times varied in the ranges of 20e70 and 30e220 min, respectively. It is possible to achieve compressive strength of more than 100 MPa at 28 d for one-part alkali-activated slag mortar prepared with sodium metasilicate. Increasing the activator amount resulted in an approximately linear increase in compressive strength. With MS or RHA and NaOH, however, compressive strength remained much lower (32e34 MPa at 28 d) and was unaffected by the activator amount in the studied range. Flexural strength followed the same trend as compressive strength. Nevertheless, MS and RHA-based mortars still exhibited sufficient strengths for certain structural uses.
The freezeethaw resistance of the tested mortar specimens proved to be promising, as the specimens could withstand 120 cycles. In fact, the strength development seemed to continue even under these harsh conditions, as indicated by ultrasonic pulse velocity measurements. However, mortars exhibited some weight loss, and samples containing MS or RHA suffered visible disintegration, although ultrasonic pulse velocity indicated good quality after 120 cycles. 
